(From the Physiological Laboratory, Clark University, Worcester) (Accepted for publication, July 19, 1933) I The electrical responses from lateral-line nerves of trout and catfish have been described in earlier papers (Hoagland, 1932 (Hoagland, -33 a, b, 1933 . These nerves normally appear to be in a state of vigorous activity, discharging impulses in the absence of externally applied stimuli. Modification of the spontaneous discharge during stimulation of the sense cells (neuromasts) served as an index of the receptivity of these cells to mechanical stimuli and of the effects of temperature.
In addition to nerve impulses initiated from the receptor cells a discharge of impulses sometimes arises spontaneously from damaged nerve endings of the lateral-line fibers. This discharge resembles that from the neuromasts. Discharges from both of these sources, especially in trout lateral-line nerves, may become synchronized. Properties of this synchronized response are quite definite and may mimic those of a single functional unit. The present paper discusses the discharge from the neuromasts and that due to injury, as well as the synchronized discharge. The possible pace-making process involved in the synchronization is also considered.
The nature of mechanisms underlying the repetitive discharge of nerve impulses from tissues maintaining states of excitation is an important problem for nervous system dynamics. Contributions to its development axe desirable for the advancement of a general physiol-ogy of the receptors and are also significant in the investigation of central nervous phenomena encountered in the study of spinal reflexes, such typically as excitation, inhibition, occlusion, facilitation, and after discharge.
Sherrington has accounted for these phenomena in terms of central excitatory and inhibitory states which may sum algebraically, essentially as specific chemical entities, facilitating or inhibiting the passage of impulses across synapses (of. Creed, Denny-Brown, Eccles, Liddell, and Sherrington, 1932) . Adrian (1928 Adrian ( , 1932 and other workers have shown great differences in the abilities of receptors to discharge nerve impulses in response to constant stimulation. Superficial tactile receptors adapt very rapidly, giving only a few impulses in response to a constantly applied pressure (Adrian, Cattell, and Hoagland, 1931; Cattell and Hoagland, 1931 ; Hoagiand, 1932-33 c) while muscle spindles adapt much more slowly, initiating impulses in their nerve fibers for a minute or more during a constant tension on the muscle (Matthews, 1931a, b) . The spontaneously discharging lateral-line receptors seem to be end-organs which essentially show no adaptation. It is as if normal metabolic processes occurring in these receptors were capable of maintaining an excitatory state such that nerve impulses are initiated at a frequency determined by the excitatory process. A somewhat similar state of affairs appears to be maintained in the respiratory centers of animals, since Adrian (1931) has shown that the brain stem of the goldfish when removed from the body undergoes rhythmic and "spontaneous" changes of potential at a frequency corresponding to the normal opercuiar breathing rhythm. Adrian (1931) has also shown that the thoracic and abdominal ganglia of the beetle Dytiscus marginalis periodically show variations in potential independently of afferent control. The electrical variations produce corresponding bursts of impulses from nerves connected with the ganglia. A similar rhythmicity of the respiratory center of mammals and its fundamental independence of afferent control has been demonstrated by Bronk and Ferguson (1933) . Lillie (1929) has been able to make a model of a receptor with its attached nerve fiber from the well known iron wire, nitric acid system. By covering a part of the wire with glass tubing he so limited the diffusion of acid, and hence the recovery process, of the glass-sheathed wire that continuous oxidation of the iron took place within the tube. This continuous action was found to set up rhythmic discharges of impulses over the acid-immersed wire outside of the tube as fast as it recovered from the refractory period following each impulse. Adrian (1930) described types of repetitive and rhythmic discharges of impulses arising from injured mammalian nerve fibers. He found that when several injured fibers were discharging repetitively the impulses may become synchronized, and he concluded that the synchronization is probably due to the superimposed stimulating effect of action currents of one fiber on its neighbors. The persistently discharging fibers appeared to be small sensory fibers which, for the most part, are distributed to blood vessels and fascia. He concluded that the persistent discharge arises from the injured fibers, due to permanent depolarization of the injured portions acting as a region of heightened excitability for the intact part of the fiber and he pointed out the similarity between the injury discharge and that set up from receptors by stimuli which may depolarize them. Certain aspects of the "spontaneous" activity of the lateral-line system illuminate several of the general problems of persistent activity suggested by the foregoing discussion.
The experimental procedure consists in baring the lateral-line nerve on one side a centimeter behind the head and dissecting it free for 1 or 2 cm. It is then tied, cut cephalad, and the freed end is drawn across silver-silver chloride electrodes connected to the recording system. The action potentials of the nerve are amplified and recorded by means of a Matthews oscillograph used in conjunction with a camera and a standing wave screen. A loud speaker makes the amplified action potentials audible.
II
The continuous spontaneous action of the lateral-line receptors in fishes is dependent on an intact circulation. With decapitated catfish the spontaneous discharge may show no sign of failure for an hour or more, if the skin is kept ~mmersed in water and if the nerve and incision are well moistened with Ringer's solution. With decapitated trout, failure of the response generally occurs in about 15 minutes. These facts are consistent with the general dependence of the two forms on oxygen requirements. Catfish can live in extremely foul water and even remain alive in air for several hours; in fact, they are often wrapped in moistened paper and shipped in the air from fish hatcheries to streams and lakes. Trout, on the other hand, die rapidly if removed from the water or if kept for appreciable lengths of time in foul water. If one immobilizes a trout by transecting its cord without cutting the larger blood vessels the preparation lasts much longer, even though opercular breathing is not evidenced, as it generally is in corresponding preparations of catfish. By recording the heart beat with a second pair of electrodes connected through a switch to the recording system, one finds that impulses are given off from the neuromasts as long as the heart continues to beat. With four such trout preparations in which care was taken to keep the nerve moistened with Ringer's solution (the flank was under water) the response continued for 57, 62, 48, and 69 minutes in each of the four cases, failing in from 10 to 20 minutes after cessation of the electrocardiogram. Owing to the great difficulty of immobilizing the fish without destroying its circulation, only four of these stable trout preparations have been obtained. In addition to the usual rapid failure of response from the trout receptors and the great density of the discharge which makes unreliable the counting of impulses from the records, a further difficulty arises rendering quantitative analysis of the responses from the receptors unreliable. An injury discharge from the nerve often develops which may resemble and mask that from the neuromasts. This injury discharge developed in 43 of some 60 trout nerves tested. It sometimes occurs in catfish but in only about 20 per cent of the cases.
The injury discharge is of considerable interest. It is similar in many respects to that described by Adrian (1930) from injured mammalian nerve fibers. That the neuromasts discharge impulses independently of injury may be demonstrated by slicing along the flank between the region of exit of the nerve to the electrodes and the tail. In the trout as in the catfish this procedure causes a decline in the activity depending upon the number of uninjured neuromasts which have been thrown out of action posterior to the cut. Fig. 1 shows the decline in response from a trout preparation which showed no injury discharge (of. also Hoagland, 1932-33 b, Figs. 1 to 3). Experiments of this kind must be done rapidly with trout since a few minutes after the initial operation of freeing the nerve, the impulses due to injury may begin and increase in volume. At the end of about 10 minutes from the beginning of the experiment the entire discharge of impulses begins to fail with trout in which hemorrhage has been sufficient to interfere with the circulation, and the nerve is generally silent within 10 to 15 minutes of the start of the experiment. In three of the four cases in which the circulation was intact the frequency of the "spontaneous" discharge increased for some 15 ro~uutes probably due to injury effects and then returned to a basal constant frequency which was clearly due to the activity of the neuromasts since slicing through the lateral-line produced a decline of response due to the removal of neuromasts caudal to the fresh cut. This procedure tests the occurrence of injury discharge since in cases in which no injury effect is manifested, cutting the connection of the nerve with its neuromasts or crushing it between the body and electrodes completely stops all impulses. When the injury discharge occurs the nerve may continue firing, even after cutting or crushing it between the electrodes and the body of the fish.
A curious feature common to the discharge from the neuromasts and the injury discharge is the tendency for the impulses in the fibers to become synchronized. Fig. 2 shows a typical injury discharge from a trout lateral-line nerve, produced by slowly pulling the nerve and progressively breaking all connections with the neuromasts without breaking the main nerve trunk. The discharge, at first asynchronous, becomes synchronized spontaneously after a few minutes and conspicuously manifests itself through the loud speaker--the roar of impulses becomes a musical note. In Fig. 2 the series of photographs shows an increase in frequency of the synchronous discharge up to about the 10th minute followed by a decline for 2 minutes ending in an asynchronous discharge. In a few preparations the synchronized frequency waxes and Wanes, producing a siren effect from the loud speaker, each rise and decline of pitch taking from 30 seconds to a minute. In nerves in which the synchronized response involves both injury effects and receptor activity, progressive cutting away of neuromasts, which produces a decline in the number of active fibers, has no effect on the frequency of the beat, but usually lowers its amplitude owing to the removal of some of the fibers, impulses from which were summing to give the synchronized discharge. When the injury discharge is well developed cutting away neuromasts may have little effect on the response, the frequency may remain unchanged, and the amplitude may be only slightly reduced even by separating from the body a fragment of nerve on the electrodes. Fig. 3 a shows records of a synchronized discharge at a frequency of approximately 400 per second produced by 102 neuromast groups. Fig. 3 b shows a residual injury discharge after cutting the nerve between the body and the electrodes. The frequency is still 400 per second, but the amplitude is greatly reduced owing to the inactivation of fibers carrying the discharge from the neuromasts.
Cooling the trout receptors produces, as in the catfish, a decline FIG. 2. Injury discharge from a trout lateral-line nerve produced by pulling the nerve and breaking connections with the neuromasts. The discharge was random for the first 4 minutes and increased in intensity becoming synchronized during the 4th minute at a frequency of 120 per second. The frequency of the synchronous discharge increased up to about 10 minutes to a maximum of 600 per second, then declined, becoming asynchronous again at 120 rhythms per second and finally ceasing altogether at about 13 minutes. Temperature 21°C. 201 in the frequency of the discharge provided the response is asynchronous. If it is synchronous, cooling reduces the amplitude of the response without affecting the frequency, an effect similar to that of surgically removing the neuromasts, due, probably, to the inactivation of some of the receptors, since the previous work (Hoagland, 1932-33 b) has shown that the neuromasts of catfish have diverse temperature thresholds for activation, The removal of fibers contributing to the synchronous discharge reduces the amplitude of the response by (c) Base line after crushing the nerve at the electrodes. The ripples in the base line are due to imperfect shielding from alternating current disturbances.
reducing the summed effect of the impulses. When the response is asynchronous, lowering the temperature produces a decline in the frequency of the discharge but to a less marked degree than in catfish. Quantitative data relating temperature and frequency have been difficult to' obtain with trout and are unreliable owing to the rapid failure of most preparations and to the complications of the injury discharge.
In a previous paper (Hoagland, 1933-34) it was pointed out that compression of tissues surrounding the lateral-line receptors in trout and catfish initiates impulses against the background of spontaneous activity. The fibers activated by this stimulation give larger action potentials than those normally contributing to the repetitive impulse discharge initiated by the neuromasts. Fig. 4a shows responses produced by stroking the caudal flank of a trout over the lateral-line canal after cutting away all but three spontaneously firing neuromasts (cf. Hoagland, 1933-34) . The response to stroking is indicated by the bursts of impulses. Fig. 4b shows the effect of stroking the same preparation some minutes later after the response had spontaneously become synchronized at a frequency of 400 per second. The FI6. 4. (a) Effect of stroking the skin above the lateral-line canal in a trout. Two bursts of impulses are recorded against the "spontaneous" background. Three groups of neuromasts were contributing to the spontaneous response.
(b) Effect of stroking the same preparation after the spontaneous response had become synchronized. Effects of four strokes are shown. The impulses in the tactile fibers sum to increase the amplitude of the response without breaking the spontaneous rhythm of 400 per second. discharge from the tactile receptors now appears to be phasic, although the stimulation--stroking with a feather tip--is the same as that used in producing Fig. 4 a. It is as if a periodicity had been set up in the nerve and only impulses coinciding with the phasic relations of the spontaneous periodic discharge could be transmitted along the fibers. Since the impulses are carried in fibers not contributing to the spontaneous discharge, this phenomenon cannot be accounted for on the assumption of limitation of conduction due to the absolute refractory period of these individual fibers. The alternating refrac-tory and excitatory phases must occur across the whole nerve alternately blocking and facilitating the passage of impulses from any fiber which may be brought into action by the external stimulus. From Fig. 4a it is clear that the stimulus shows no ability to excite fibers at frequencies high enough to permit inhibition by the refractory period of the individual fiber. Since the oscillograph has a natural period of about 6500 per second, synchronization of tactile impulses with the spontaneous discharge cannot be accounted for in terms of an instrumental periodicity.
Electrical spread of action currents beyond the confines of the fibers in which they occur might produce alternating fluctuations of excitability in all the fibers of a nerve trunk including the unstimulated ones. When these latter fibers become active through stimulation they could only conduct at periods coinciding with the periods of excitability produced by the activity of the other fibers which are spontaneously active.
The last suggestion obviates the necessity of any localized pace maker for the phasic response. Anesthetization, or crushing of the freed, cut end of nerve distal to the electrodes, seldom makes any difference whatever in the response. Very occasionally some diminution of the discharge results from this treatment but this may be due to movement of the nerve on the electrodes. The only damaged region, therefore, common to all of the nerve fibers seems to have little or nothing to do with the synchronous discharge. The groups of neuromasts are distributed along the course of the nerve and since they can be removed either surgically, or functionally by lowering the temperature, without affecting the synchronous rhythm, no single position along the course of the nerve may be regarded as a pace maker region. In some preparations when the injury discharge occurs all the neuromasts may be cut away by severing the nerve between the body and the electrodes, and the only effect on the synchronous response is to decrease its amplitude as in Fig. 3 without altering its frequency. These facts indicate that synchronization is independent not only of the neuromasts but also of any one anatomically fixed place along the lateral-line nerve.
The injury discharge takes origin, primarily, from the cut and broken endings of the connections to the neuromasts in the region of the exposed length of nerve which has been removed from the side for recording purposes. This operation necessitates the breaking of connection with some dozen or more groups of sense cells. Since cutting the nerve free from the fish where it leaves the body has little effect on the response when the injury discharge is well developed, and since crushing the severed ends of the nerve also is generally without effect, it appears that the broken connections with the neuromasts may be the source of the injury discharge. This is supported by the fact that the magnitude of the discharge is progressively reduced by successively pinching the length of nerve severed from the fish along its course between the body and the input electrode. The fact that pulling the nerve supplying the sense cells and breaking connections with neuromasts generally produces violent injury discharges further supports the view that the discharge arises from the depolarized broken ends of fibers supplying the sense cells. These facts indicate that stimulation of the injured fibers is a result of the permanent depolarization due to the injury, a conclusion in agreement with that reached by Adrian in accounting for the injury discharge from mammalian fibers. Since the injury discharge normally resembles so completely the spontaneous discharge initiated by the sense cells it is possible that these cells normally excite the nerve terminations by producing a relatively permanent region of depolarization at the fiber terminations as a result of their normal metabolic activity. The dependence of the response from the neuromasts on the circulation supports this suggestion. The fact that the non-spontaneously discharging tactile receptors fail to respond in all preparations when the spontaneous discharge set up by the neuromasts fails, suggests the dependence of excitabilities of both groups of receptors on essentially similar steady metabolic conditions. Adrian (1930) found that rhythmicity of impulses discharged from injured mammalian nerve fibers at body temperature does not occur at frequencies of less than 150 per second. When the frequency declines below that the discharge becomes aperiodic. This critical minimum frequency of discharge was accounted for by Adrian in terms of the curve describing the strength of stimulus required to excite a nerve during various stages of its recovery period. This curve is hyperbolic and indicates that the greater a constant stimulus is above the threshold amount necessary to excite the fully recovered nerve, the greater will he the frequency of discharge which it may produce from the nerve during the relative refractory period. A constant stimulus of exactly the threshold amount necessary to excite fully recovered nerve would be able, theoretically, to initiate only one impulse since it would take infinitely long for the nerve to recover to the threshold asymptote where this stimulus would again be effective. The critical frequency of 150 per second implies, therefore, a recovery period of 6.7a for the mammalian fibers and this agrees well with recovery periods of 5 to 10 a measured in motor fibers by Adrian and Olmsted, and Erlanger, Bishop, and Gasser. In the lateral-line nerve of the trout the critical minimum frequency is 120 rhythms per second corresponding to a recovery period of 8.3 ~. The maximum frequency of 600 per second indicates either that the fibers are being discharged by a strong constant stimulus very early in their relative refractory periods or else that different fibers may respond in successive rhythms of the discharge. If the fibers, for example, were able to respond at a maximum frequency of only 300 per second, a rhythm of 600 per second might be obtained by having two groups of fibers alternately firing at 300 per second. A mechanism of this kind has been proposed by Troland (1929) to account for the conduction of high auditory frequencies. The maximum frequency of 600 impulses per second recorded in Fig. 2 is higher than that usually associated with responses from single fibers in cold blooded vertebrates. It is, nevertheless, possible that this rhythm is produced by the same group of fibers discharging at this frequency.
III
Many of the experimental facts described above as well as certain aspects of the injury discharge presented by Adrian suggest the notion of chemical mechanisms underlying the repetitive discharges.
The rise of the injury discharge from the lateral-line nerve (cf. Fig. 2) begins some seconds after breaking connection with the neuromasts, builds up to a maximum in about 10 minutes, and then declines to zero during the next 5 minutes. The rise and decline of frequency of impulses could be accounted for if the frequency were proportional to the concentration of a substance (B), produced as an intermediate compound in consecutive reactions of the type A~B~C Adrian found that the injury discharge from mammalian fibers is reduced or stopped by irrigation with Ringer's solution independently of variations in the composition of the solution. He found that the discharge, silenced by washing with Ringer's, was renewed in the presence of serum. Crushed tissue extracts in contact with the nerve did not produce nerve impulses and he concluded that a substance supplied by the circulation was essential for the production of the injury discharge.
The dependence of the discharge from the fish neuromasts for periods of greater than 15 minutes on the integrity of the circulation indicates that this normal effect depends on something continuously supplied by the serum. This may possibly be the A substance of the above paradigm which breaks down continuously to the chemically stimulating B substance in the sensory cells. Rupture of connections with the neuromasts would remove the broken endings from further supply of A by the circulation but might leave a fixed amount of A in part of the nerve which, on mixing with enzymes released from the broken tissue, would then decompose to form B, the source of the impulses due to injury. In this way the curious cycle of rise and decline of the injury discharge might conceivably be accounted for.
There are, of course, other possible alternatives. For example, the circulation may act to remove substances normally inhibiting a process tending to produce continuous excitations.
SUMMARY
The spontaneous discharge of impulses from the lateral-line nerves of trout and catfish has been examined.
I. Broken endings of nerve fibers supplying receptors of the laterallines of trout and catfish may be the source of a repetitive discharge of nerve impulses.
2. This injury discharge occurs more frequently in trout and may
